Spatial distribution of chlorophyll-a (chla) concentration in Lake Taihu is non-uniform and seasonal variability. Chla concentration retrieval algorithms were separately established using measured data and remote sensing images (HJ-1 CCD and MODIS data) in October 2010, March 2011, and September 2011. Then parameters of semi-variance were calculated on the scale of 30m, 250m and 500m for analyzing spatial heterogeneity in different seasons. Finally, based on the definitions of Lumped chla (chlaL) and Distributed chla (chlaD), seasonal model of chla concentration scale error was built. The results indicated that: spatial distribution of chla concentration in spring was more uniform. In summer and autumn, chla concentration in the north of the lake such as Meiliang Bay and Zhushan Bay was higher than that in the south of Lake Taihu. Chla concentration on different scales showed the similar structure in the same season, while it had different structure in different seasons. And inversion chla concentration from MODIS 500m had a greater scale error. The spatial scale error changed with seasons. It was higher in summer and autumn than that in spring. The maximum relative error can achieve 23%.
INTRODUCTION
Chlorophyll-a (chla) plays a significant role in water ecosystem. It is a basic indicator of lake eutrophication (Zhou et al., 2009 ). The change of its spatial distribution and concentration can influence the lake ecosystem. In recent decades, water quality remote sensing has become an effective way to monitor it. However, spatial heterogeneity could cause scale effect in the retrieval of chla concentration from multi-resolution remote sensing images (Bao et al., 2011) . It brings scale error (Chen et al., 2010) . And the error affects the retrieval accuracy and varies with seasons. Therefore, studying seasonal differences in spatial scales of chla concentration is useful for improvement of the retrieval accuracy. . Spatial scale effect and uncertainty based on remote sensing images had been studied domestic and abroad. Moran coefficient, Geary ration, coefficient of variation and variograms were the most commonly used methods for analyzing spatial heterogeneity (Zhang, 2008) . Researches usually provided variogram function for studying spatial heterogeneity and spatial effect of water quality parameters. They found that spatial distribution of chla concentration exist structure (Xia et al., 2011; Liu et al., 2002) . In addition, new methods such as hydrodynamic model, biological model were introduced to solve practical problem (Chen et al., 2010; Fragoso et al., 2008) . Moreover, spatial scale uncertainty is also a hotspot in current studying (Zhang, 2008) . Radiative transfer model, regressive model and fractal theory are popular methods for studying spatial errors and spatial scaling (Chen et al., 2006) . But most methods for spatial uncertainties were based on vegetation. The work for water quality parameters has not been extensively researched. As there is no sensor for inland water quality remote sensing, land satellites and ocean colour satellite were used to estimate chla concentration (Zhou et al., 2009 ). Both of the data souses and spatial heterogeneity of chla concentration can affect the retrieval accuracy.
In this paper, Lake Taihu in the east of China was selected as the study area. Based on the chla concentration retrieval algorithm and the results of spatial effects, a model of spatial scale error was established for MODIS 500m. Then the paper analyzed seasonal results which were calculated in different spatial scales.
STUDY AREA AND DATA PREPROCESS

Study Area
Lake Taihu is one of the five largest freshwater lakes in China. The lake, situated in the southeast of the country (30°55′40″-31°32′58″N, 30°55′40″-31°32′58″E), is a typical inland shallow lake with a water area of 2388km 2 (Tang et al., 2007; Zhang et al. 2011) . Taihu Basin is located in Shanghai, Jiangsu and Zhejiang Province (see Figure 1. ). It is one of the most developed regions in China. In recent years, water pollution of Lake Taihu is more and more serious because of the rapid development of the economy (Feng et al., 2007) . And the pollution (especially eutrophication) has been attracted great attention.
In the East and Eastern Lakeshore of the lake, water quality is clear and remains stable in good condition. No cyanobacterial bloom has been found so far in these areas (Ma et al., 2006) . But the chla concentration content of blue-green algae in the other part of Lake Taihu is high and variable. The spatial International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XXXIX-B7, 2012 XXII ISPRS Congress, 25 August -01 September 2012, Melbourne, Australia distribution of chla concentration is non-uniform. So in this paper the other part of the lake was chosen as the study area. 
Field Measurements
In this study, we undertook field surveys to get ground data in October 2010, March 2011 and September 2011 respectively. Sample points are typical and evenly distributed extend from Meiliang bay to central lake (See Figure 1. ). Water sample and water spectral were collected at each sampling site, in which geographical coordinate was also recorded using GPS (measuring instrument: ASD FieldSpec HandHeld, the wavelength range 350-1050nm) (Feng et al., 2007) . Meanwhile, water sample was refrigerated, and then token back to the laboratory to measure Chlorophyll a by means of spectrophotometric. Finally, 34 points, 45 points and 32 points were obtained for the following research after outliers removed.
Image Data and Pre-processing
HJ-1 CCD images and MODIS 1B (250m, 500m) were chosen as data sources. The data of MODIS (Moderate Resolution Images Spectroradiometer) has three different spatial resolutions: 250m, 500, and 1000m. The image has a radio resolution of 12 bit and the sensor passes over Lake Taihu every day (Hu et al., 2004 After obtaining those images, MODIS-Terra (250m and 500m) were first corrected with MRT. Next measured GCP were used to realize accurately geometric rectification of HJ-1 CCD and MODIS data. Then radiometric calibration and FlAASH atmospheric correction were performed on both HJ-1 CCD and MODIS-Terra. Finally reflectance images were calculated.
METHODS
Estimation of Chla Concentration
In order to obtain high correlation bands of chla concentrations and MODIS image, HJ-1 CCD image, ratio method, the difference method, and band combination algorithms were used to calculate the relevance (Wang et al., 2008) . This article obtained MODIS image, HJ-1 CCD image of the reflectivity or reflectivity band combination based on latitude and longitude of the sample points. Then the correlation coefficients were calculated by chla and its reflectivity or reflectivity band combination. The results showed that the MODIS R1-R2, R1/R2, (R1 -R2) / (R1 + R2) and HJ-1 H3-H4, H3/H4 had a high correlation with chla concentration. Therefore, these bands combinations were used to establish chla concentration empirical models (20 points for the model, and the rest for validation each time).
By comparing the average relative error of seasonal empirical model, H3-H4 of HJ-1 CCD image and R1-R2 of MODIS images was the best. Hence, the model would be established using H3-H4 and R1-R2.
Semi-variance function
Variograms is the quantitative description of the spatial variables correlation. It was mainly used for studying the correlation and spatial structure of area variables. (Zhang, 2008) Chla concentration is interdependence and correlation among adjacent points, being a spatial structure. It is regionalized as random variable. Hence, variograms could be used to study the spatial heterogeneity of chla (Liu et al., 2002) . In this study, semi-variance function was used to analyze the spatial structures and variation law of chla. The formula is (Curran et al., 1998) : (Zhang, 2008) .
Modelling Spatial Scale Error
According to the definitions of Distributed chla (chlaD) and Lumped chla (chlaL) (Bao et al., 2011) , chlaD is the true value of the low resolution image while chlaL is the value which is estimated from low resolution image. In this study, chlaD and chlaL are given as following:
And the estimation error between high resolution image and low resolution image is as below: 
RESULTS AND DISCUSSION
Seasonal Spatial Distribution in Different Scales
According to the scale error formula, the chla concentration estimate equation need to have the second order derivative. 2011(summer) and October 31st, 2010(autumnr) in different scales of Lake Taihu. Firstly, the picture showed that chla concentration of Lake Taihu had uneven spatial distribution in different season from the figure. Generally speaking, the chla concentration was higher in the northwestward of Lake Taihu and shore, and lower in the south. Secondly, the chla concentration of Lake Taihu was lower in spring. The values centred on 0-35μg/L. The phenomenon of large area cyanobacteria agglomeration occurred in the summer and autumn. On September 4 th , 2011 (summer), chla concentration varied in a wide range occurred in the west bank side of Lake Taihu , the outlet of Meiliang Bay and Gonghu Bay. The values centred on 1-120μg/L. Finally, by contrast the estimates of chla concentration under different data sources, the variation trend of spatial distribution map of chla concentration was similarity. But the inversion results, which were estimated from HJ satellite, had high spatial resolution and can better reflect the meticulous changes of the chla concentration, as shown in the red box of the figure. From the results above, the spatial distribution of chla concentration had different trends in different seasons. Chla concentration is regional and seasonal. Because the upstream rivers of Lake Taihu in Jiangsu section are mainly in Meiliang Bay, Zhushan Bay, and west coast, and in Zhejiang section are mainly concentrated in the south coast of Lake Taihu. Water in Meiliang Bay and Zhushan Bay is relatively static. By the wind effect, cyanobacteria will accumulate in these areas (Xia et al., 2011; Sha et al., 2009) . In recent years, the TN, TP of central lake region increased gradually to achieve the optimal growth conditions for cyanobacteria. This region was more suitable for the growth of cyanobacteria than the previous (Zhu, 2008) . Therefore, in summer when cyanobacteria blooms were grew and in autumn when blooms were floating gathered, chla concentration was high in these regions. In addition, because of MODIS low spatial resolution, mixing phenomena of cyanobacteria and water, early warning detection accuracy cyanobacteria blooms was reducd.
Analysis of Spatial Heterogeneity
Method of field quadrats laid not only lack of sampling points and time-consuming, but also difficult to control the sampling time difference within a certain range (Xia et al., 2011) . Thus, this article selected sample points from the inversion chla concentration image to study the spatial heterogeneity. 3km × 3km of quadrats were selected in Meiliang Bay and Central Lake (measured data mainly in these two regions). The pixel values in the quadrat were seen as sample points which were normal distribution after logarithmic transformation (excluding outliers) . Then semi-variance values were respectively fitted to obtain parameters, such as Table 1., Table 2 ., Table 3 . Table 3 . Parameters of semi-variance in autumn
It can be seen from the table that the ratio of nugget and still (1-γ / (γ0 + γ)) were used to represent the spatial autocorrelation level of regional random variables. The value less than 25% indicated that the variable had a strong spatial correlation (Xia et al., 2011) . From the table, γ0 / (γ0 + γ) of chla concentration was small in different resolutions, indicating that spatial heterogeneity of chla concentration was mainly caused by the structural factors, random factors played a secondary role. Chla concentration showed similar structural in different scales of the same season. In addition, the range of nugget and still changed strongly in different seasons, indicating that there were different structural of chla concentration in different seasons.
Spatial Scale Error in Different Seasons
In this paper different resolution remote sensing images were used to study the differences of spatial scale. In order to reduce error from parameters of different satellites, transit time and other uncertainties factors, MODIS 250m, 500m images were used to carry out scale error analysis. According to the formula (5), combined with estimation formula (MODIS 250m of the formula) of chla concentration, scale errors were calculated, which caused by chla concentration inversion of coarse resolution in different seasons. According to the equation of estimation error, retrieval algorithm of MODIS 250m should exist second order derivative. Then cubic polynomial model was chosen for estimating chla concentration after comparing correlation coefficient. And the scale relative error of low resolution images (MODIS 500m) in different seasons can be calculated by formula (6) and cubic polynomial formulas. As field measured data were distributed in the north and central of Taihu, the paper only discussed relative errors in these places (see Figure 5. ). . showed the distribution of scale relative error of chla concentration in different seasons. In this paper effect of lake's boundary was ignored, and the results were as follows. In spring, the error was relatively lower and more homogeneous. The error concentrated between 0 and 4%. The high values of relative errors were primarily concentrated in Meiliang Bay, Gonghu Bay and Western Lakeshore. The errors were higher and more unevenly distributed in summer. The scale relative error was high in Western Lakeshore and the area water between Meiliang Bay and Gonghu Bay, and the highest error reached to 23%. The values were between 0-12% in other regions. Scale relative error was also high in autumn. The range of the relative error was 10% -17% in north of Meiliang Bay and central of Taihu. And it was 0-10% in other regions.
According to the paper above, the relative error of chla concentration varies with the seasons. Scale relative errors were lower and more evenly distributed in spring. Because of the low value, uniform spatial distribution of chla concentration and low variance of chla concentration, the relative scale errors were lower than that in summer and qutumn. For summer terms, the chla concentration was high and the spatial distribution was uneven, especially for the regions where accumulation of algal blooms (eg Meiliang Bay, Western Lakeshore). It also leaded to high variances, resulting high scale relative errors in these regions. In addition, it is noted that the scale relative error also closely related to the inversion model of chla concentration, and the results could affected by different inversion models. .
CONCLUSIONS
Firstly, the paper established estimation models of chla concentration using HJ-1 CCD, MODIS 250m and MODIS 500m and field data in October 2010, March 2011, and September 2011. Secondly, spatial heterogeneity was studied using geostatistics. Thirdly, according to the spatial scale relative error model, scale errors of chla concentration which were inverted by MODIS 500m were calculated in different seasons.
Chla concentration was variation in different seasons. The values were low and evenly distributed in spring. In summer, chla concentration was high in the west shore of Lake Taihu, export of Meiliang Bay and Gonghu Bay. And the high values mainly distributed in Meiliang Bay, Zhushan Bay and Gonghu Bay in autumn. In addition, the trends of chla concentration estimated from different scales were similar to each other in the same season. But details of low-resolution remote sensing images (especially blue-green cyanobacteria agglomeration area) couldn't be well express. Through the seasonal analysis of semi-variance function on different scales, it is known that structural factors caused by chla concentration were mainly due to spatial heterogeneity. Chla concentration at different scales showed similar structure in the same season, while the chla concentration in different seasons had different structural.. Lake Taihu is typical inland case Ⅱ water. Higher spatial heterogeneity of chla concentration caused higher scale error. And the error changed with seasons. Scale errors were low and evenly distributed in spring. Because of exploding and floating together of cyanobacteria, scale errors increased up to 23%. Moreover, great uncertainties and errors existed in the inversion of chla concentration using MODIS 500m data.
